ABSTRACT In the early sea urchin embryo, newly synthesized cytoplasmic histone mRNA is found both on polysomes and free of ribosomes as nonpolysomal messenger ribonucleoprotein particles (free RNPs). The distribution of newly synthesized histone mRNAs between translating and nontranslating compartments is nonrandom and dependent on the developmental stage. Gel electrophoresis and autoradiography of polysomal and free RNP RNA from embryos at various stages show that (i) the fraction of total newly synthesized histone mRNA that is in polysomes is greater than the fraction oftotal newly synthesized poly(A)+mRNA that is in polysomes, at all stages examined, and (ii) among the five histone mRNAs, HI mRNA and H4 mRNA are relatively more enriched in the free RNPs than are the mRNAs for H2A, H2B, and H3. These data suggest that histone mRNA, as a class, is more efficiently utilized as a template than the average mRNA and, of the cytoplasmic histone mRNAs, the mRNAs for histones H2A, H2B, and possibly H3 are selected more frequently for translation than those for HI and H4. Cell-free translations of polysomal and free RNP RNAs yield different ratios of in vitro histone products, consistent with the RNA distribution data. To test the possibility that the in vivo distribution of the histone mRNAs is the consequence ofdifferent intrinsic initiation capabilities ofthe individual mRNAs, ribosome-binding assays were carried out and unequal binding abilities of the histone mRNAs in the reticulocyte lysate were shown. A translational level component in the regulation of histone synthesis in the sea urchin embryo is indicated.
Newly synthesized mRNA in the sea urchin embryo is found both associated with ribosomes as polysomal mRNA and free ofribosomes, sedimenting as 10-70S cytoplasmic nonpolysomal ribonucleoprotein particles (free RNPs). Previous work has eliminated the possibilities that the RNA in the free RNPs represents either a simple precursor to polysomal RNA or a stable class of messages (1) . That free RNP RNA contains mRNA has been shown by its ability to bind to ribosomes and to direct protein synthesis in a cell-free protein-synthesizing system, and histones are among the products synthesized in vitro by RNA from postribosomal RNPs (2) (3) (4) . It was suggested that free RNPs contain a pool of messages in excess of the translational capacity of these cells (1) .
The selection ofmRNAs for translation out ofa large pool may be random or nonrandom. A nonrandom distribution ofmRNAs between polysomes and free RNPs implies regulation ofprotein synthesis in the embryo at the level of message selection. Here we report differential distribution of the histone mRNAs between the polysomes and free RNPs. One proposed mechanism for selection ofcertain mRNAs for translation while others remain relatively unassociated with ribosomes invokes intrinsic differences in the abilities of specific mRNAs to be translated (5) . Ribosome-binding abilities of the individual histone mRNAs were compared in vitro in reticulocyte lysates, and differences in binding ability were observed that are consistent with the in vivo cytoplasmic distribution of the histone mRNAs.
MATERIALS AND METHODS
Growth of Embryos and Preparation of RNA. Eggs from the sea urchin Strongylocentrotus purpuratus were fertilized and grown as described (6) . Embryos were labeled for 2 hr with H332PO4 (50 ,uCi/ml; 1 Ci = 3.7 x 1010 becquerels) or with
[3H]uridine/[3H]adenosine (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ,uCi/ml) prior to homogenization. Embryos were washed and homogenized in 20 vol of TNM buffer [50 mM Tris-HCl, pH 7.8 (4°C)/240 mM NH4Cl/ 5 mM Mg(OAc)2, 250 mM sucrose] containing bentonite at 1.5 mg/ml in a Dounce homogenizer.
Free RNPs and polysomes were isolated from 15-30% sucrose gradients (in TNM buffer) after sedimentation of postmitochondrial supernatants at 26,000 rpm in a Spinco SW 27 rotor for 12 hr (3). The free RNP preparation contained material sedimenting from 6S to the middle ofthe 74S ribosome peak. Ethanol-precipitated free RNPs and polysome pellets were suspended in 0.01 M NaOAc, pH 6.0/0.1 M NaCVl1 mM MgCl2/5 mM Na2EDTA/0.5% NaDodSO4 and extracted three times with phenol/chloroform/isoamyl alcohol (50:50:1) and once with chloroform/isoamyl alcohol. RNA was ethanol precipitated at least twice and stored in water at -80°C. Some RNA samples were separated into poly(A)+ and poly(A)-fractions (3).
Gel Electrophoresis of RNA. RNA samples were subjected to electrophoresis in 7 M urea on 11-cm 4-8% polyacrylamide gradient gels according to Ruderman and Pardue (7) using the buffer system of Peacock and Dingman (8) (90 mM Tris base/ 90 mM boric acid/4 mM Na2EDTA/0. 1% NaDodSO4). All RNA samples were dissolved in 50 ,l of the same buffer supplemented with 7 M urea/15% sucrose/0.01% bromophenol blue, heated at 65°C for 3 min, and quickly cooled in an icewater bath prior to loading on the gel. Electrophoresis was for 16 hr at 80 V. Gels containing [32P]RNA were soaked in distilled water for 1 hr at 4°C after electrophoresis, dried, and exposed to prefogged x-ray film. Gels containing [3H]RNA were fluorographed according to Bonner and Laskey (9) . Autoradiographs and fluorographs were quantitated by densitometry using an Ortec 4310 densitometer. Only exposures that showed a linear response were used in quantitation.
In Vitro Translation and Acid Extraction of Translation Products. A wheat germ cell-free system was prepared according to Gallis et al. (10) . Aliquots for assay were treated with Abbreviation: RNP, ribonucleoprotein particle.
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. § 1734 solely to indicate this fact. micrococcal nuclease at 10 pug/ml for 5 min at 20'C just prior to use. Incubations were carried out as described (3) using [3H]lysine as label. For acid extraction of translation products, the translation mixture was made 0.4 M in H2SO4 and left on ice for 1.5 hr, 20 ug of calf thymus histones was added, and the acid-soluble material was precipitated with 4 vol of ethanol at -200C.
Gel Electrophoresis of Translation Products. Ethanol-precipitated translation products were dissolved in sample buffer (2% NaDodSO4/0.05 M Tris HCl, pH 6.8/1 mM 2-mercaptoethanol/10% glycerol), heated to 100'C for 1 min, cooled to room temperature, and loaded on gels. Products were subjected to electrophoresis on a 10-16% polyacrylamide gradient slab gel (11 cm X 1.5 mm) with a 2-cm 5% stacking gel containing 0.2% NaDodSO4 (11) . Electrophoresis was for =7 hr at 120 V. Gels were fluorographed, dried, and exposed to prefogged xray film as described above (9) .
In Vitro Ribosome-Binding Assay.
[3H]Uridine-labeled cytoplasmic RNA isolated from 10-hr or 11-hr embryos was fractionated on sucrose gradients and a 6-18S fraction, highly enriched in histone mRNA species, was obtained. This RNA was added to a rabbit reticulocyte lysate (Pel-Freez; 270-760 pug/ ml) containing cycloheximide (88 ,g/ml) to inhibit polysome formation. Assay conditions were as described (2) with the following exceptions: KC1 and MgCl2 were replaced by 125 mM KOAc and 1.9 mM Mg(OAc)2 and lysates were micrococcal nuclease treated according to Pelham and Jackson (12) . Mixtures were incubated at 30°C for 4 min, and reactions were stopped by addition of ice-cold 0.05 M Tris HCl, pH 7.5/0.24 M NH4CV5 mM Mg(OAc)2/0.25 M sucrose. The diluted lysate was centrifuged through a 5-ml 15-30% sucrose gradient in the same buffer at 39,000 rpm for 140 or 170 min in a Spinco SW 50.1 rotor. Gradients were fractionated and aliquots were assayed for trichloroacetic acid-precipitable radioactivity. The fractions corresponding to ribosome-bound material and unbound material were pooled and ethanol precipitated. RNA was extracted and subjected to electrophoresis as described above. (1) . These results suggested that histone mRNAs, which sediment in the 9S region, may be relatively absent from the free RNP RNA population at this stage and, hence, these messages may provide evidence for a nonrandom distribution ofmRNAs between polysomes and free RNPs in the sea urchin cytoplasm. The results of polyacrylamide gel electrophoresis of 32P-labeled polysomal and free RNP RNA from three developmental stages, including the early blastula (12-hr embryos), are shown in Fig. l . This analysis reveals the distinctive bands of the histone mRNAs in the free RNPs as well as the polysomes for all stages. The nucleosomal histone mRNAs from the hatched blastula (20 hr; lanes e and f) show a greater electrophoretic mobility than those from earlier stages, as reported by others (13) (14) (15) .
RESULTS

Polysomal
The distribution of histone RNA between polysomes and free RNPs can be determined from gel analysis such as in Fig.  1 . Exposures ofautoradiograms and fluorograms from a number ofpolysomal and free RNP RNA separations were scanned, and the areas under the histone mRNA peaks were determined and corrected for the actual fraction ofeach preparation loaded onto the gel lanes. This measurement showed that, on average, provided by analysis ofhistone products synthesized in a wheat germ cell-free system directed by polysomal and free RNP RNAs. The 3H-labeled products synthesized by 6-hr and 12-hr polysomal and free RNP poly(A)-RNAs were subjected to electrophoresis and fluorograms were quantitated by densitometric scanning. Fluorograms ofthe in vitro products and a calculation of the ratios of H1 and H4 histones, relative to H2/H3 histones, Fig. 4 and given in Table  2 , respectively. These results show that polysomal and free RNP RNAs direct the synthesis ofdifferent ratios of histones; H1 and H4 represent a relatively greater proportion of histones synthesized by free RNP RNA than by polysomal RNA. In Vitro Ribosome-Binding Studies. Lodish (5) has proposed that intrinsic differences in the abilities of specific mRNAs to be translated may explain why certain mRNAs are selected for translation while others remain unassociated with ribosomes. This model predicts differential utilization of specific mRNAs under initiation-limiting conditions in vivo, which, in turn, should be reflected in the relative distributions of mRNAs into translating (polysome) and untranslating (free RNP) compartments. Those mRNAs that are more efficient in translation should constitute a larger proportion ofthe polysomal RNA, and Densities of H1 and H4 are normalized relative to that of H2/H3 (= 100). Data are from Fig. 4. those that are less efficient should be more highly represented in the free RNP RNA.
Based on this model, our data predict that (i) histone mRNAs are more efficient at translation than the average mRNA and (ii) the mRNAs for histones H2A, H2B, and H3 are more efficient than those for H1 and H4. We have tested the second of these predictions by comparing the ribosome-binding abilities in vitro ofthe histone mRNAs. In these assays, 6-18S [3H]RNA, highly enriched in histone RNA species, was added to a complete rabbit reticulocyte lysate containing cycloheximide to inhibit elongation. Ribosome-bound and unbound material was separated on sucrose gradients, and the RNAs were extracted from appropriate pooled fractions, subjected to electrophoresis, and quantitated. A representative gradient and the RNAs extracted from the ribosome-bound and unbound fractions are shown in Fig. 5 . Relative to H2/H3 RNA, H1 mRNA and H4 mRNA are less highly represented in the RNA from the ribosome-bound fractions than they are in the unbound RNA. The percentage of each mRNA that has bound to ribosomes in the Assay  H1  H2/H3  H4  1  27  48  21  2  39  44  18  3  52  61  31  4  10  16  5 RNAs extracted from ribosome-bound and-unbound fractions were subjected to electrophoresis, and ratios ofpeak areas were determined from densitometer scans of autoradiograms. Results were calculated by using the formula % bound = (peak area from bound RNA/peak area from bound RNA + peak area from unbound RNA). Total labeled RNA bound to ribosomes in experiments 1, 2, 3, and 4 was 36%, 35%, 54%, and 12% of total RNA used, respectively.
.assay can be calculated from the gel data, and the results from four binding assays are summarized in Table 3 . The data show that the reticulocyte lysate does discriminate among the different histone mRNAs; specifically, H2/H3 mRNAs bind to ribosomes an average of 1.4 times more efficiently than H1 mRNA and 2.5 times more efficiently than H4 mRNA. In one assay (assay 4 in (1982) 2459 and 37% of HI RNA and H4 RNA, respectively, are being translated, while 53% of the H2/H3 RNAs are on polysomes. However, differential utilization of histone mRNAs in the cytoplasm after the early cleavage stages would appear to be quantitatively of minor significance in modulating the synthesis of histones since virtually all ofthe histone mRNAs become associated with polysomes.
Of interest in describing the events occurring in early sea urchin development, we show that, from 2 to 12 hr of development, there is a large increase in the proportion of histone RNA that enters polysomes (Fig. 2) . This dramatic change in the utilization of the newly made histone mRNA occurs at 3-5 hr of development (4-16 cell stage). The basis for this phenomenon, which has also been observed by Goustin (18), is not known at present. The proportion of the total newly made cytoplasmic mRNA and poly(A)+mRNA that enters polysomes also increases during early development (Fig. 2 and ref. 1 ), but the shift to a predominantly polysomal distribution is much more gradual than for the histone templates.
Histone mRNAs have been suggested to be especially efficient messages in HeLa cells (19) and in the surf clam (20) . Our data show (Fig. 2 ) the preferential translation of histone messengers relative to the mass of total and poly(A)+ newly synthesized RNA in sea urchin embryos. We tested the possibility that the differences in the polysome/free RNP distribution of the individual histone mRNAs may be the consequence of their possessing different intrinsic initiation capabilities. This possibility is supported by finding differences in the abilities of the individual histone mRNAs to bind ribosomes in vitro (Table 3) . Thus H2/H3 mRNAs, which are least represented in the free RNPs, bind to ribosomes to a greater extent than Hi or H4 mRNAs. This difference in ability to be translated is supported by experiments (not shown) in which we have found that translation of both Hi and H4 mRNAs in vitro is strongly inhibited relative to H2/H3 mRNAs when saturating levels of RNA are used. The correlation between the polysome/free RNP distribution in vivo and the ability to bind to ribosomes in vitro is not absolute, however. The Hi and H4 mRNAs would be predicted to be nearly equivalent in terms ofribosome binding, yet the H4 mRNA is considerably less efficient than the H1 mRNA. This could reflect difficulties in using the reticulocyte lysate, which is obviously not a perfect model of sea urchin cytoplasm. The finding that the individual deproteinated histone mRNAs show reproducible differences in their abilities to initiate translation in one environment conducive to translation suggests that such differences would have an effect in their natural environment. Intrinsic differences in the abilities of specific mRNAs to be translated have been shown by in vitro translation in a number of systems (e.g., [21] [22] [23] [24] [25] . In the case of the early sea urchin embryo, this model is supported by the finding that poly(A)+mRNA isolated from polysomes of 12-hr embryos directs protein synthesis in vitro at a rate 2 to 3 times greater than the equivalent amount of poly(A)+RNA of equal size isolated from free RNPs (3).
